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Existing and planned observatories for cosmic neutrinos open up a huge window in 
energy from 10 7 to 10 17 GeV. Here, we discuss in particular the possibilities to use 
extremely energetic cosmic neutrinos as a diagnostic of astrophysical processes, as 
a tool for particle physics beyond the Standard Model, and as a probe of cosmology. 



1. Introduction 

We are living in exciting times for extremely high energy cosmic neutri- 
nos (EHECi/'s). Existing observatories, such as AMANDA 1 , ANITA- lite 2 , 
BAIKAL 3 , FORTE 4 , GLUE 5 , and RICE 6 have recently put restrictive up- 
per limits on the neutrino flux in the energy region from 10 7 to 10 17 GeV 
(cf. Fig. 1). Furthermore, recent proposals for larger EHECz; detectors, 
such as ANITA 7 , EUSO 8 , IceCube 9 , LOFAR 10 , OWL 11 , PAO 12 , SalSA 13 , 
WSRT 10 , together with conservative neutrino flux predictions from astro- 
physical sources of the observed cosmic rays (CR's), such as active galactic 
nuclei, offer credible hope that the collection of a huge event sample above 
10 7 GeV may be realized within this decade (cf. Fig. 1). This will provide 
not only important information on the astrophysical processes associated 
with the acceleration of CR's, but also an opportunity for particle physics 
beyond the reach of the Large Hadron Collider (LHC). There is even the 
possibility of a sizeable event sample above 10 11 GeV, with important con- 
sequences for cosmology. The corresponding neutrino fluxes may arise from 
the decomposition of topological defects - relics of phase transitions in the 
very early universe - into their particle constituents. Moreover, it may be 
possible to detect the cosmic neutrino background via absorption features 
in these neutrino spectra. In this contribution, we will have a closer look 
at these exciting opportunities. 



*Talk presented at the ARENA Workshop, DESY, Zeuthen, Germany, May 17-19, 2005. 
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Figure 1. Current status and next decade prospects for EHECf physics, expressed in 
terms of diffuse neutrino fluxes per flavor, F Ua + Fp , a = e,fi,r. Upper limits from 
AMANDA 1 , ANITA-lite 2 , FORTE 4 , GLUE 5 , and RICE 6 . Also shown are projected 
sensitivities of ANITA 7 , EUSO 8 , IceCube 9 , LOFAR 10 , OWL 11 , the Pierre Auger Ob- 
servatory in u e , modes and in u T mode (bottom swath) 12 , SalSA 13 , and WSRT 10 , 
corresponding to one event per energy decade and indicated duration. Also shown are 
predictions from astrophysical CR sources 14 , from inelastic interactions of CR's with the 
cosmic microwave background (CMB) photons (cosmogenic neutrinos) 14,15 , and from 
topological defects 16 . 



2. EHECi/'s as a diagnostic of astrophysical processes 

Neutrinos with energies < 10 12 GeV propagate essentially without inter- 
action between their source and Earth. Hence, they are a powerful probe 
of high energy astrophysics, in particular of the conjectured acceleration 
sites of the CR's, notably active galactic nuclei (AGN). A paradigm for the 
acceleration mechanism in the jets of these AGN's is shock acceleration. 
Protons and heavier nuclei are confined by magnetic fields and accelerated 
through repeated scattering by plasma shock fronts. Inelastic collisions 
of the trapped protons with the ambient plasma produces pions and neu- 
trons, the former decaying into neutrinos and photons, the latter eventually 
diffusing from the source and decaying into CR protons (cf. Fig. 2 (left)). 
A quite conservative estimate of the flux of neutrinos from such astro- 
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Figure 2. Left: Illustration of shock acceleration in the jet of an active galaxy 14 . 
Right: Best fits 14 to the ultra-high energy cosmic ray spectrum in the energy interval 
[10 8 - 6 ,10 n ] GeV as observed by Akeno 18 + AGASA 19 and Fly's Eye 20 +HiRes 21 . The 
dip from e + e — pair production 22 ' 23 and the bump from Greisen-Zatsepin-Kuzmin 24 
(GZK) accumulation are clearly visible in the data and support the simple power law 
ansatz for the emissivity of the extragalactic sources, in which we have set z m - ln = 0.012, 
z max = 2, and £^ max = 10 12 5 GeV, for the boundaries in redshift and injection energy, 
respectively. Apparently, this fit undershoots the data for the few highest energy events. 

physical sources can be made as follows 14 . Assuming that the sources are 
optically thin, i.e. the neutrons can escape, one may determine the neutron 
emissivity at the sources from the observed CR spectra 17 , taking into ac- 
count propagation effects, in particular e + e~ and pion production through 
inelastic scattering off the CMB photons. Figure 2 (right) illustrates that 
both the AGASA and the HiRes data in the lfj 8 - 6 ^ 11 GeV range can be 
fitted nicely under the assumption of a simple power law neutron injec- 
tion emissivity, oc (1 + z) 3 5 , of the extragalactic sources, supporting 
the recent proposal towards a low transition energy, ~ 10 8 6 GeV, between 
galactic and extragalactic cosmic rays 22 , which is also sustained by chemi- 
cal composition studies of HiRes data 25 . The neutron injection emissivity 
is simply related to the neutrino emissivity, and the latter can be trans- 
lated easily into an expected neutrino flux at Earth. It should be detected 
very soon, if not already with AMANDA-II, then at least with IceCube (cf. 
Fig. I), which therefore can provide significant clues in demarcating the 
cosmic ray galactic/extragalactic crossover energy 14 . Although the cosmo- 
genic neutrino flux from the inelastic interactions with the CMB photons 
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Figure 3. Left: Standard Model vN total cross section c*^ at extremely high neutrino 
energies E v obtained by various perturbative QCD resummation techniques 26 : from 
a unified BFKL-DGLAP approach 27 (solid), based on CTEQ parton distributions 28 
(dotted), based on GRV dynamical partons 29 (dashed), and from a unified BFKL- 
DGLAP approach supplemented by saturation effects 30 (dashed-dotted). Right: Model- 
independent upper bounds on the neutrino-nucleon inelastic cross section 40 derived from 
the RICE Collaboration search results 6 , by exploiting different cosmogenic neutrino flux 
estimates, by Fodor et al. (FKRT 15 ) (solid line) and Protheroe and Johnson (PJ 39 ) 
(dashed line joining solid squares). The dashed line joining the open squares (PJ) indi- 
cates the upper bound for inelasticity (y) = 0.5. The dashed-dotted lines indicate the 
sensitivity (95% CL, for o"**^ < 4 mb) of PAO in 10 yr of operation assuming zero events 
observed above SM background (circles PJ, triangles FKRT). For comparison, also shown 
is the SM total (charged current and neutral current) vN inelastic cross section 28 . 
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starts to dominate over the neutrino flux from optically thin cosmic ray 
sources at energies above a few EeV, it appears to be hard to detect with 
the EHECV detectors operating in the next decade (cf. Fig. 1). 

3. EHECiv's and physics beyond the Standard Model 

Cosmic neutrinos with energies E v above 10 s GeV probe neutrino-nucleon 
scattering at center-of-mass (cm.) energies above 

yi^= y/2m N E v ~ 14 TeV^/lO 8 GeV) 1/2 , (1) 

beyond the proton-proton cm. energy ^Js pp — 14 TeV of the LHC, and 
Bjorken x = Q 2 / (y s v n) values below 

x~2x 1(T 4 (Q 2 /m 2 w ) (0.2/y) (lO 8 GeV/E u ) , (2) 

where Q 2 is the momentum transfer squared, mw — 80 GeV the VF-boson 
mass, and y the inelasticity parameter. Under these kinematical conditions, 
the predictions for vN scattering from the perturbative Standard Model 
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(SM) are quite safely under control (cf. Fig. 3 (left)), notably thanks to 
the input from measurements of deep-inelastic ep scattering at HERA 31,32 . 
This makes it possible to search for enhancements in the vN cross sec- 
tion due to physics beyond the (perturbative) SM, such as electroweak 
sphaleron 33 (non-perturbative B+L violation), or Kaluza-Klein, black hole, 
p-brane, or string ball production in TeV scale gravity models 34 . 

Since the rate of neutrino-initiated showers is proportional to integrated 
flux times cross section, the non-observation of quasi-horizontal or deeply- 
penetrating neutrino- induced air showers as reported by, e.g., Fly's Eye 35 , 
AG AS A 36 , and RICE 6 can be turned into an upper bound on the neu- 
trino nucleon cross section if a certain prediction for the neutrino flux is 
exploited 37,38 . This is exemplified in Fig. 3 (right), which displays the limits 
on ovjv from the RICE search results on contained showers 40 , for two dif- 
ferent assumptions about the EHEC^ flux. These bounds are considerably 
higher than the SM cross section, albeit in the post-LHC energy region. 
PAO will be able to improve these limits by one order of magnitude 40 . 
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Figure 4. The range of the cross section within the 99%, 95% and 90% CL required for a 
successful strongly interacting neutrino scenario 42 . The lines are theoretical predictions 
of an enhancement of the neutrino-nucleon cross-section by electroweak sphalerons 43,44 
(short-dashed), p-branes 45 (long-dashed) and string excitations 46 (dotted). 
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The bounds exploiting searches for deeply-penetrating particles are typ- 
ically applicable as long as (j u n < 0.5 1 mb. Models with even higher and 
more speculative cross sections, > l-j-10 mb, such as electroweak sphaleron 
production, brane production, or string resonance production, qualify as 
strongly interacting neutrino scenarios 41 ' 23 , according to which the myste- 
rious EHECR beyond the predicted GZK cutoff 24 at £ GZK - 4x 10 10 GeV 
(cf. Fig. 2 (right)) are initiated by cosmogenic neutrinos. Figure 4 il- 
lustrates that a combined fit of the existent data on vertical showers by 
AG AS A and HiRes, as well as of the search results on weakly interacting 
particles of AG AS A and RICE, requires a steep increase within one energy 
decade around Eqzk by four orders of magnitude 42 - an enhancement which 
has indeed been proposed within some extensions of the (perturbative) SM. 

We have emphasized here the current constraints from EHEC^ on 
physics beyond the SM. A more detailed account of the particle physics 
reach of the planned EHEC^ observatories can be found elsewhere 47 ' 48 . 

4. EHECi/'s as a tool to study big bang relics 

The existence of topological stable solutions of the field equations (topologi- 
cal defects) is a generic prediction of symmetry breaking (SB) in Grand Uni- 
fied Theories (GUT's) and occurs even at the fundamental level in String 
Theory in the form of F- and D-strings 49 . Specifically, G —> H x U(l) 
SB leads to monopoles, U(l) SB to ordinary or superconducting strings, 
and G H x U(l) H x Z w SB to monopoles connected by strings, e.g. 
necklaces in case of A = 2. Such topological defects may be produced 
through non-thermal phase transitions during preheating after inflation 50 . 
Their superheavy constituents X, often gauge or Higgs bosons with masses 
rax ~ 10 12H ~ 16 GeV, may be liberated on various occasions 51 , e.g. through 
repeated self- intersections of strings, through annihilation of monopole anti- 
monopole pairs etc., and rapidly decay into stable SM particles, under which 
we readily find 52 EHECVs with energies up to ~ 0.05 mx- The correspond- 
ing fragmentation spectra are meanwhile worked out very accurately 53 via 
Monte Carlo generators 54 or via DGLAP evolution 55 from experimentally 
determined initial distributions at the scale mz to the ones at mx- The in- 
jection rate, which determines in particular the overall normalization of the 
neutrino flux, depends on cosmic time t in the form fix = Km p x t~ A+p , where 
k and p are dimensionless constants depending on the specific scenario 52 . 

For a wide range of overall flux normalizations, the upcoming EHECf 
observatories seem to be sensitive enough to obtain, within the next decade, 
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Figure 5. Present (2005) limits on the neutrino flux and projected sensitivity in ten 
years from now (2015), together with a prediction from topological defects 16 (mx = 
10 16 GeV, p = 0). The absorption dip arising from resonant annihilation of the EHECV's 
with big bang relic neutrinos of mass m v = 0.15 eV into Z-bosons is clearly visible. 

sizeable event rates from topological defects 16 (cf. Fig. 5). Note, that, for 
the first time in cosmic particle physics, the GUT energy scale can be 
directly probed. Clearly, a precise measurement of the neutrino spectrum 
from topological defects would have a strong impact on particle physics 
and cosmology. Its mere existence would signal the existence of topological 
defects as relics from early phase transitions after inflation. The high end 
of the spectrum directly reveals the mass of the X particles, and its shape 
entails detailed information on the particle content of the desert, on the 
Hubble expansion rate, and on the big bang relic neutrino background. 
Indeed, as illustrated in Fig. 5, the resonant annihilation of the neutrinos 
from X particle decays with big bang relic neutrinos would leave its imprints 
as absorption dips in the measured spectrum 56 . Such a measurement would 
not only shed light on the existence and the spatial distribution 57 of the 
cosmic neutrino background, but would also give important information on 
the neutrino masses 58 , since the dips occur around the resonance energies 
ijrcs _ 4 x iq21 e y(i eV/m^). Note, that, along with a prediction of 
absorption dips, there goes a prediction of emission features 59 - protons 
and photons from hadronic Z-decay ("Z-bursts") - which may appear as 
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a CR flux recovery beyond E GZK and be measured by EUSO, OWL, or 
LOFAR 16 . 



5. Conclusions 

The future seems bright in extremely high energetic neutrinos. There are 
many observatories under construction, whose combined sensitivity ranges 
from 10 7 to 10 17 GeV, the energy scale of Grand Unification. In the likely 
case that appreciable event samples are collected in this energy range, we 
can expect a strong impact on astrophysics, particle physics, and cosmology. 
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